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Abstract 

An analysis of the data collected in 1997 and 1998 with the DELPHI detector 
at e+e~ collision energies close to 183 and 189 GeV was performed in order to 
extract the hadronic and leptonic fermion-pair cross-sections, as well as the 
leptonic forward-backward asymmetries and angular distributions. The data 
are used to put limit on contact interactions between fermions, the exchange of 
R-parity violating SUSY sneutrinos, Z bosons and the existence of gravity in 
extra dimensions. 
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1 Introduction 

Results are presented from the analyses of fermion-pair final states collected in 1997 
and 1998 by the DELPHI experiment |1|] at centre-of-mass energies, ^/s, close to 183 and 
189 GeV. Measurements of cross-sections for inclusive hadronic, electron-positron pairs, 
muon-pair and tau-pair final states are given, together with leptonic forward-backward 
asymmetries. These results complement those obtained from data collected in 1995 and 
1996 at lower collision energies from 130 to 172 GeV [H. Polar angle distributions of 
and r+r" events recorded at ~ 183 and 189 GeV are also given. 

The measurements of the cross-sections and forward-backward asymmetries to- 
gether with the results presented in and from LEP running in the vicinity of the 
Z-resonance [0,3, are used to update the searches for new physics involving contact in- 
teractions, R-parity violating SUSY, and additional neutral gauge bosons given in |@] . In 
addition, the measurements presented in this paper are used to search for possible effects 
of gravity proposed in theories with large extra dimensions. 

Results on fermion-pair production at LEP at collision energies from 130 to 189 GeV 
from the other LEP experiments together with limits derived from these results, can be 
found in 0. 

The measurements of cross-sections, forward-backward asymmetries and angular dis- 
tributions are given in section 0. The interpretations of the data are presented in section 0. 
A summary and conclusions are given in section |^. Further details concerning the data 
analysis, including the event selection and the theoretical and technical details of the 
searches for new physics can be found in 0. 

2 Measurements of cross— sections and asymmetries 

2.1 Luminosity and centre— of— mass energy determination 

The luminosity analysis of the data collected during LEP operation in 1997 and 1998 
followed closely the one described in 0. The total experimental systematic uncertainty 
on the integrated luminosity determination amounts to 0.50%, to be combined with a 
0.25% uncertainty reflecting the precision of the theoretical calculations underlying the 
computation of the cross-section visible in the luminometers. The luminosities for the 
analysis of the inclusive hadronic final states were 52.80 and 155.21 pb"^ for ^ ~ 183 
and 189 GeV respectively. Estimates of the mean centre-of-mass energies led to values 
of (182.65 ± 0.05) and (188.63 ± 0.05) GeV §. There are small differences in the 
luminosities and mean centre-of-mass energies for the other channels due to the selection 
of different running periods for analysis, based on the performance of the subdetectors of 
DELPHI. 

2.2 Kinematical definition of signal 

Cross-sections and forward-backward asymmetry measurements are given for different 
ranges of the reduced centre-of-mass energy, \^s': for hadronic final states an inclusive 
sample, \fs' / y/s > 0.10, and a non-radiative sample, Vs' / y/s > 0.85; for muon and tau 
final states an inclusive sample, ^/s' > 75 GeV, and a non-radiative sample, y/s' / y/s > 
0.85. For electron-positron final states, a cut on the acollinearityQ angle between the 

^The acoUinearity angle between two particles is defined as cos Bacol = ~Pi-P2/\pi\\P2\ where pi and p2 are the 3— 
momenta of the particles. 
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Channel 


Energy (GeV) 


~ 183 


~ 189 


e^e~ —>■ qq{'y) 


5806 


15726 


e~^e^ 6+6^(7) 


1109 


2804 


e~^e^ iU+/i~(7) 


354 


974 


e~^e^ r+r^(7) 


253 


632 



Table 1: The numbers of events used in the analyses of the different final states. For each channel, 
the values refer to the samples with ^Js' / s > 0.10 for hadrons, Vsf > 75 for muon and tau pairs and 
dacoi < 20° for electron-positron pairs. 



electron and positron, Oacoi < 20°, was applied, corresponding approximately to a cut of 
Vs'/y/s > 0.85. 

The methods of estimating correspond to slightly different definitions of this vari- 
able. For fJ,^fi~ and the t'^t" final states, a/s' is the invariant mass of the muons or 
tau-leptons in the final state. For the inclusive hadronic final states, the estimated 
can be treated in theoretical predictions to be the invariant mass of the s-channel prop- 
agator. 

For the e~^e~ final state the measured cross-sections and forward-backward asym- 
metries are for the electron and positron both within the acceptance 44° < 6 < 136°. 
For the and t^t~ final states, the cross-sections and asymmetries were extrapo- 



lated to 4:71 acceptance using samples of events generated with KORALZ |TT[. In the 
calculations of KORALZ there is no interference between initial state and final state ra- 
diation. Corrections to the extrapolation for this interference were determined using the 
semi-analytical calculations of ZFITTER in which the interference was computed 
to 0{a), and applied to the results. To account for missing higher order corrections, a 
systematic uncertainty of half the correction was taken. For the inclusive hadronic states, 
where the events are selected over the full solid angle, any correction for the interference 
between initial and final state radiation was estimated to be negligibly small compared 
to the precision of the measurement. 



2.3 Improvements to analyses 

The analyses of cross-sections for e"*"e~, /i"*"/^", r+r~ and inclusive hadronic final 
states and forward-backward asymmetries for leptonic final states were similar to the 
ones performed at lower energies and the details, such as the event selection, and the 
determination of the reduced energy (v^) can be found in 0, changes to each of the 
analyses are discussed below. 

The distributions of V^/ obtained for the real and the simulated data are shown 
in Figure ^ for the muon, tau and inclusive hadronic channels for ^/s ~ 189 GeV. 

The numbers of events selected in the inclusive samples for each final state are given 
in Table |T[ The efficiencies, the backgrounds from other channels and the backgrounds 
due to feed-up from the inclusive samples for the non-radiative event samples for each 



final states, are given in Table g. Results are given in section ^ 
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Figure 1: Distributions of the reconstructed reduced energy for the e+e~ — > (7), e+e~ — > r+r^ (7) 

and e+e" ^ 99(7) processes at y/s ~ 189 GeV. The points stand for the data and the histograms repre- 
sent the signal and background. The expected signals are simulated with the KORALZ generator for 
the e~^e~ /x+/i~(7) and e+e^ r+T~(7), and with PYTHIA generator for the e+e~ 99(7) chan- 
nel. The generator predictions were scaled to the ZFITTER predictions for the total cross-sections 
and are normalised to the luminosities of the data sets analysed. 
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Efficiency 


Background 


Feed-up 


Channel 


(GeV) 


(%) 


(%) 


(%) 


e+e" —>■ qq 


~ 183 


92.6 


30.6 


10.5 




~ 189 


92.6 


33.2 


10.5 


e^e~ — > e+e" 


- 183 


96.8 


0.2 


0.8 




~ 189 


97.9 


0.2 


0.8 




~ 183 


89.0 


1.0 


1.8 




~ 189 


92.3 


0.5 


2.2 




~ 183 


52.2 


14.2 


5.6 




~ 189 


53.2 


15.5 


6.2 



Table 2: The efficiency, backgrounds and feed-up from the inclusive samples in the non-radiative 
samples of events selected in each of the channels. 















AApB^ 








GeV 


% 


% 


% 


% 


10-^ 


10-^ 


10-3 


Non-radiative 


~ 183 


1.6 


1.0 


2.5 


2.9 


+10 

-3 


4 


16 




~ 189 


1.8 


1.0 


1.7 


3.0 


+10 
-3 


3 


15 


Inclusive 


~ 183 


1.1 




2.5 


3.8 




2 


16 




~ 189 


1.1 




1.4 


4.1 




2 


15 



Tabic 3: Systematic uncertainties of the total and non-radiative cross-section and forward-backward 
asymmetry measurements for the different final states. "Non-radiative" refers to •\/s'/-\/s > 0.85 for 
muon, tau and hadronic final states, and Oacoi < 20° for electron-positron pairs. "Inclusive" refers to 
Vs'/y/s > 0.10 for the hadronic final states and to Vs' > 75 GeV for the muon and tau final states. 
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2.3.1 Inclusive hadronic final states 

A new cut was added. Events were only selected if their total transverse energy^ was 
measured to be greater than 20% of the collision energy. This cut improves the rejection 
of two-photon collisions. The sum of the energies of the charged particles in an event 
was now required to be greater than 10% of the collision energy, relaxing the cut from 
the previous analysis. 

The selection efficiencies and backgrounds were determined from simulated events. 
The four-fermion background was determined from events generated by PYTHIA and 
EXCALIBUR [|] . The size of the background predicted by the two generators was found 
to be in good agreement; residual differences were taken into account in the systematic 
uncertainty on the measurement. The main background contributions to the cross-section 
measurement at 183 (189) GeV came from W-pair production with a contribution of 
13.7 ± 0.3 pb (14.7 ± 0.3 pb) to the total cross-section and 8.3 ± 0.2 pb (8.9 ± 0.2 pb) to 
the non-radiative cross-section. The combined production of Z-pair and Ze^e~ events 
was expected to contribute 2.8 ± 0.5 pb (3.4 ± 0.5 pb) to the total cross-section and 
0.8 ± 0.3 pb (1.1 ± 0.2 pb) to the non-radiative event sample. Using samples of events 
generated with the TWOGAM and BDKRC generators, two-photon collisions 



were found to contribute significantly only to the total cross-section measurement for 
which there remains 1.8 ± 0.2 pb after event selection cuts at both 183 and 189 GeV. 



2.3.2 e+e" final states 

In P] results were presented for two different cuts on the acollinearity angle between 
the electron and positron , 9acoi < 90° and 9acoi < 20°. In this paper, results are given for 
Oacoi < 20° only, which is the sample with the highest sensitivity to the models of physics 
beyond the Standard Model considered in this paper. 



2.3.3 final states 

Two improvements were made for the analysis of the data collected at ^/s ~ 189 GeV. 
The significant increase in the luminosity at this energy made it possible to measure the 
efficiency of the track reconstruction and muon identification efficiency from the data, 
exploiting the nearly back-to-back topology of the events with a/s'/ ^/s > 0.85 rather 
than relying on the efficiency determined from simulated events. 

To do this, a sample of events with a high momentum muon was selected. The ef- 
ficiency was then determined from the number of these events which did, or did not, 
contain a second reconstructed track or identified muon. The uncertainty on the com- 
bined track reconstruction and muon identification efficiency determined in this manner 
was ±1.0%. The difference between the efficiency determined directly from simulation 
and that derived from the data at ^/s ~ 189 GeV was ~ 2%. The efficiency determined 
from the simulation at ^/s ~ 183 GeV was corrected down by the ~ 2% difference mea- 
sured at 189, and a systematic uncertainty of ±2% was applied to the results at -y/i ~ 183 
GeV. 

The polar angular coverage was extended from 20° < 9 < 160° to 14° < 9 < 164°, 
taking advantage of the increased luminosity to perform checks of the tracking and muon 
identification efficiency at extreme polar angles. 

^ The total transverse energy is defined as Ej- = ^ Ei | sin 6^ | where Ei is the energy and di is the polar angle of the f-^ 
particle in the event. DELPHI uses a right handed coordinate system in which the z axis is in the direction of the incoming 
electrons. 
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The background coming from four-fermion final states, via W"''W~, ZZ and Z7* pro- 
duction, was estimated from events generated by EXCALIBUR. The background from 
two-photon colhsions was estimated from events generated using BDKRC. 



2.3.4 r+r final states 

There were several small improvements to the analysis of the e~^e~ — > r+r^(7) process. 
The acoUinearity cut was placed at 0.3° instead of 0.5°. Events with less than or equal 
to three charged particles in each hemisphere were included in the event selection ( in 
addition to the events with only one charge particle in one hemisphere and less less than 
six charged particles in the other hemisphere ) provided that the reconstructed invariant 
mass in each hemisphere was less than 2 GeV/ c^, consistent with being the decay products 
of r lepton. Both these changes improve the efficiency for the signal while not significantly 
increasing the levels of background. 

The backgrounds were, as far as possible, estimated from the data by studying samples 
of events failing the specific cuts designed for rejection of a given background final state. 
The total systematic uncertainties on the cross-section and forward-backward asymmetry 
measurements for the different collision energies and channels are shown in Table ^. 

In the determination of the forward-backward charge asymmetry of the r leptons, the 
scattering angle was taken as the polar angle of the highest momentum charged particle 
in the hemisphere determined to have originated from the negatively charged r lepton. 
The asymmetry was corrected for acceptance, background and for contamination due to 
radiative events from lower ^/s' values. The determined asymmetries and the associated 
uncertainties are given in Tables § and |^ for the different centre-of-mass energies. 



2.4 Differential cross— sections 

In addition to the measurements of the cross-sections and asymmetries, measurements 
of the differential cross-sections, da /d cos 6, are given for the fi~^fj^~ and r+r~ final states 
for the non-radiative samples. 

Figure ^ shows the numbers of events observed in bins of cos 6 compared to simulations 
for each final state and each collision energy. For the fi~^fi~ final states the scattering 
angle 6 is the angle of the negative fermion with respect to the incoming electron in the 
laboratory frame, for the r+r^ final states the angle was defined in the same way as 
mentioned above for the measurement of the forward-backward asymmetry. Results are 



given in section 2.5 



2.5 Results of analyses 

The results of the cross-section and asymmetry measurements are presented in Table |^ 
together with theoretical predictions. The errors indicated are statistical only. Systematic 
errors due to the event selection and to the residual background subtraction are shown 
in Table |^. For the cross-section measurements, they must be added in quadrature to 
the uncertainty coming from the luminosity determination. The theoretical predictions 
in Table ^ are from the TOPAZO program |T3] for electron-positron final states and 



ZFITTER program |T2| for the other final states. The uncertainties on the theoretical 



predictions are estimated to be below 1%. 

Some components of the systematic uncertainties are correlated between measure- 
ments in different channels and different energies. This is the case for the theoretical 
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Figure 2: The numbers of events observed as a function of cos 61 for /i^/i^ and r+r^ final states at 
centre-of-mass energies of ^ 183 and 189 GeV. The points stand for the data and the histograms rep- 
resent the signal and background. The expected signals are simulated with the KORALZ |l^ generator 
scaled to the ZFITTER |12 predictions and normalised to the luminosities of the data sets analysed. 
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uncertainty on the luminosity determination which is correlated between all cross-section 
measurements at all energies. For the final states, the uncertainty on the event 

selection efficiency is correlated between energy points. The uncertainty on the extrap- 
olation to An acceptance coming from the interference between initial and final state 
radiation is correlated between fi'^fj^~ and t~^t~ final states and between energies. Given 
the estimated size of the correlations compared to the precision of the measurements 
these correlations are ignored. 

Figure ^ shows the measured hadron, electron-positron pair, muon-pair and tau-pair 
cross-sections for all collision energies ranging from 130 up to 189 GeV from DELPHI. 
The forward-backward asymmetries for electron-positron pairs, muon-pairs and tau- 
pairs are shown in figure ^ 

The results of the analyses of the differential cross-sections for yU^/i~ and r+r^ final 
states are tabulated, including statistical and systematic errors, in Table ^. The theoret- 
ical predictions are from the ZFITTER program, and have an uncertainty estimated to 
be below 1%. 

For the e~^e~-^fi^fi~ channel the systematic errors quoted in Table |] include correlated 
systematic uncertainties of 2% for the data at ^/s ~ 183 GeV and 1% for the data at 
^/s ~ 189 GeV in the measured cross-sections for all bins of cos^ arising from the 
determination of the track reconstruction and muon identification efficiencies which were 
applied as an overall correction to the efficiencies determined bin by bin in cos^ from 
simulated events. 

Overall, no substantial departure of the measurements of fermion-pair production 
from the Standard Model predictions was found. 



3 Physics beyond the Standard Model 

The data presented in this paper were used to improve the constraints on physics 
beyond the Standard Model given in section 6 of for three sets of models: contact 
interactions between leptons, models including Z' bosons and R-parity violating sneutrino 
exchange. The theoretical bases of each of these models are discussed in section 5 of 0, 
the key points are summarised below. New limits for models which include gravity in 
extra dimensions are derived from the measurements of the differential cross-sections 
given in this paper. Unless otherwise stated the systematic errors on the measurements 
at LEP II energies have been added in quadrature with the statistical errors treating 
them as uncorrelated between measurements. 



3.1 Contact interaction models 

Contact interactions between fermions can be parameterised as an effective Lagrangian 
with the form: ^ 

^eff = ^^^^^ E ^ Vijea^.eJJYfj ■ (1) 
where A is the characteristic energy scale of the interactions. Different choices of rjij lead 



to 12 commonly studied models, referred to as LL, RR etc []14 . 

Fits were made using data at all energies from 130 to 189 GeV for 
e~^e~ — > e+e~, e"'"e~— e'^e"— s>r+r^ channels and e'^e~ a combination of 

all leptonic final states assuming lepton universality. The parameter fitted was e = 1/A^. 
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Energy (GeV) 


~ ioo 


~ lot) 


CThadipb) 


^/s'/^/s > 0.85 


25.8 ±0.8 


22.1 ± 0.5 




Theory 


23.8 


21.7 




y s' l^s > 0.10 


1 o _i_ 1 ^ 
10 ± i. ( 


1 _i_ 1 n 
y ± i.U 




Theory 


iUo.U 


07 A 

y ( .4 




v^/v/i> 0.85 


3.58 ±0.28 


3.04 ±0.15 




Theory 


3.31 


3.08 




> 75 GeV 


8.92 ± 0.47 


7.34 ± 0.24 




Theory 


7.69 


7.15 


(Trr{ph) 


Vs'/^/s > 0.85 


3.48 ±0.39 


3.21 ± 0.22 




Theory 


3.39 


O "1 

3.16 




V s > 75 GeV 


y.iz ± U. / o 


/ .oo ± u.oy 




Theory 


( . ( o 


7 18 




1 7 / 1 ^ nor 

\J s 1 ^ s > 0.85 


O.OOO ± O.Oo 1 


O.OOZ ± U.04i 




Theory 




U.Ooo 




> 75 GeV 


0.289 ±0.051 


0.362 ±0.032 




Theory 


0.317 


0.308 


Afb" 


> 0.85 


0.679 ±0.082 


0.693 ±0.051 




Theory 


0.594 


0.587 




Vs' > 75 GeV 


0.296 ±0.081 


0.420 ±0.050 




Theory 


0.316 


0.315 


CTeeipb) 


Oacol < 20° 


25.6 ±0.8 


22.6 ±0.4 




Theory 


24.7 


23.1 


A ^ 

^FB 


dacol < 20° 


0.814 ±0.017 


0.810 ±0.010 




Theory 


0.820 


0.821 



Table 4: Results of the cross-section and asymmetry measurements for the different final states. The 
errors indicated are statistical only. Systematic errors related to the event selection and residual back- 
grounds are provided in Table ^. Those coming from the luminosity determination are given in the text. 
The hadronic, muon and tau results are corrected for all cuts, apart from the y/s' cut. 
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Figure 3: Cross-sections for the e+e qq{-f) , fi (7) and t+t (7) and 



e'^e (7) processes 



measured at energies from 130 up to 189 GeV. The curves show the SM prediction of the TOPAZO 
program [|l3j for electron-positron final states and ZFITTER program for the other final states. 
Solid points and solid lines represent the non-radiative selections, open points and dashed lines represent 
the inclusive selections. 
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Fi gure 4: The forward-backward charge asymmetries in the reactions < 



(7), r+r (7) and 



e+e~(7) measured at energies ranging from 130 to 189 GeV. The curves show the SM prediction of the 
TOPAZO program ||l^ for electron-positron final states and ZFITTER program |lj] for the other final 
states. Solid points and solid lines represent the non-radiative selections, open points and dashed lines 
represent the inclusive selections. 
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e+ 


e — y 


H+^i- ( ~ 183 GeV) 






da /d cos 6 (pb) 


cos^^ 


Theory 


Measurement 


[-0.94, 


-0.80] 


0.478 


0.000±0.178±0.013 


[-0.80, 


-0.60] 


0.486 


0.514±0.230±0.013 


[-0.60, 


-0.40] 


0.576 


0.989±0.313±0.024 


[-0.40, 


-0.20] 


0.761 


0.972±0.307±0.023 


[-0.20, 


0.00] 


1.045 


1.298±0.360±0.032 


[ 0.00, 


0.20] 


1.428 


1.591±0.398±0.039 


[ 0.20, 


0.40] 


1.913 


1.605±0.401±0.039 


[ 0.40, 


0.60] 


2.503 


3.377±0.579±0.081 


[ 0.60, 


0.80] 


3.206 


2.466±0.503±0.061 


[ 0.80, 


0.94] 


4.078 


4.978±0.841±0.119 



e+ 


e — y 


H+fi- ( ~ 189 GeV) 






da /d cos 6 (pb) 


cos^^ 


Theory 


Measurement 


[-0.97, 


-0.80] 


0.465 


0.495±0.143±0.008 


[-0.80, 


-0.60] 


0.467 


0.478±0.128±0.008 


[-0.60, 


-0.40] 


0.546 


0.448±0.120±0.007 


[-0.40, 


-0.20] 


0.713 


0.391±0.113±0.006 


[-0.20, 


0.00] 


0.971 


1.287±0.212±0.021 


[ 0.00, 


0.20] 


1.322 


1.129±0.197±0.018 


[ 0.20, 


0.40] 


1.769 


1.908±0.248±0.029 


[ 0.40, 


0.60] 


2.315 


2.445±0.290±0.039 


[ 0.60, 


0.80] 


2.968 


2.927±0.325±0.048 


[ 0.80, 


0.97] 


3.780 


3.986±0.413±0.065 



e+e-^T+T- ( ~ 183 GeV) 




da /d cos 6 (pb) 


cos 6 


mi 

1 heory 


Measurement 


[-0.96,-0.80] 


0.49 


-0.13±0.24±0.04 


[-0.80,-0.60] 


0.50 


0.48±0.31±0.04 


[-0.60,-0.40] 


0.60 


0.52±0.28±0.04 


[-0.40,-0.20] 


0.79 


0.56±0.30±0.04 


[-0.20, 0.00] 


1.08 


1.62±0.54±0.12 


[ 0.00, 0.20] 


1.48 


1.56±0.51±0.12 


[ 0.20, 0.40] 


1.97 


1.65±0.51±0.12 


[ 0.40, 0.60] 


2.58 


2.49±0.61±0.19 


[ 0.60, 0.80] 


3.31 


3.91±1.00±0.29 


[ 0.80, 0.96] 


4.08 


6.77±1.80±0.50 




e+e-^T+T- ( ~ 189 GeV) 




da /d cos 6 (pb) 


cos 6 


Theory 


Measurement 


[-0.96,-0.80] 


0.48 


0.58±0.34±0.05 


[-0.80,-0.60] 


0.48 


0.12±0.13±0.03 


[-0.60,-0.40] 


0.56 


0.48±0.16±0.04 


[-0.40,-0.20] 


0.73 


0.67±0.19±0.05 


[-0.20, 0.00] 


1.00 


0.75±0.22±0.06 


[ 0.00, 0.20] 


1.37 


1.57±0.31±0.13 


[ 0.20, 0.40] 


1.83 


2.05±0.32±0.16 


[ 0.40, 0.60] 


2.39 


2.96±0.39±0.23 


[ 0.60, 0.80] 


3.06 


3.26±0.51±0.26 


[ 0.80, 0.96] 


3.78 


2.87±0.71±0.24 



Table 5: The differential cross-sections for non-radiative fJi^ ii~ and r+r" final states at centre-of-mass 
energies of ~ 183 and 189 GeV. The errors shown are respectively the statistical and systematic compo- 
nents. The Standard Model expectations (SM) were computed with the ZFITTER program |1^. 
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The values of e extracted for each model were all compatible with the Standard Model ex- 
pectation e = 0, at the two standard deviation level. The errors on e in the e^e~ 
fit are typically 30% smaller than those reported in [0 as a result of the inclusion of the 
data collected at ^/s ~ 183 and 189 GeV. The fitted values of e were converted into lower 
limits on A at 95% confidence level. The results are given in Table |^. 



3.2 Sneutrino exchange 

The second set of models consider possible s or t channel sneutrino (z/^) exchange in 
R-parity violating supersymmetry |T^. The parameters of interest are the dimensionless 



couplings, Ajjfc, between the superfields of different generations, i,j and k, together with 
the mass of the sneutrino exchanged, m~. The sneutrino width is not constrained within 
R-parity violating supersymmetry; a value of 1 GeV has been used [1^ 



For the e~ jj,^ ji' and e^e^^r^r^ channels, in the case that only one A value 
is non-zero there would only be t-channel sneutrino effects. The 95% confidence exclu- 
sion upper limits on A are given in Table |^, assuming sneutrino masses of either 100 or 
200 GeV/c^. The hmits are calculated by finding the value of A for = Xmin + 3.84. 
The limits are between 0.02 and 0.14 lower than those published in depending on the 
channel and the mass assumed. 

For the e~^e~ — > e~^e~ channel the resulting 95% limits on A, are given in Figure |^(a), 
as a function of m~. For the fits in the e~^e~ fi~^fi~ channel, assuming that A131 = 
A232 = A, the resulting 95% limits on A are given in Figure ^(b). The exclusion contour 
for A121 = A233 = A, using the e~^e~' t^t^ channel, is shown in Figure ^(c). In each 
case, the exclusion contours are calculated by finding the value of A for = Xmin + 3-84 
for each value of m~ separately. A coupling of A > 0.1 can be excluded for m~ in the range 
130 - 190 GeV/c^ for all final states, extending the excluded region by approximately 20 
GeV/c^ compared to 0. 

3.3 Z'-bosons 

Existing data from LEPl and LEP2 and the cross-sections and asymmetries given 
here were used to fit the data to models including additional Z bosons. 

3.3.1 Model dependent fits 

Fits were made to the mass of a Z', Mg', the mass of the Z, Mz, and to the mixing 
angle between the two bosonic fields, Ozz', for 4 different models referred to as X; i^, V 



and L-R |T6[. The theoretical prediction made came from the ZEFIT package |T8|. The 
fitted value of Mz was found to be in agreement with the value found from fits to the 
data with no additional Z . No evidence was found for the existence of a Z -boson in any 
of the models. The 95% confidence level limits on M^', and Q^z'^ were computed for the 
different model by determining the contours of the domain in the M^' — Qzz' plane where 



< Xmin + 5-99 [|T9|. The allowed regions for M^' and Q^z' shown in Figure ^ The 
lower limits, shown in Table |^, on the Z mass range from 310 to 440 GeV/c^, an increase 
of between 70 and 190 GeV/c^ on the limits presented in [^, depending on the model. 

In addition to the models considered in a limit has been obtained on the mass 
and mixing of the Z in the Sequential Standard Model ||2^. This model proposes the 
existence of a Z with exactly the same coupling to fermions as the standard Z. A limit 
of M2' > 710 GeV/c^ is found at 95% confidence level. 
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Table 6: Fitted values of e and 95% confidence lower limits on the scale, A, of contact interactions in 
the models discussed in the text, for e+e^ — > e+e^, e+e^^/i+/i^, e+e^^r+r^ final states and also for 
e+e^ —^ in which lepton universality is assumed for the contact interactions. The errors on e are 
statistical only. The models are defined in [p^ . 
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Figure 5: The 95% exclusion limits for (a) A121 (or A131), as a function of m~, obtained from the 
e'^e^ —^ e+e^ channel; (b) A131 — A232 = A, as a function of m~, obtained from the e+e^ ^J.^fJ-^ 
channel; (c) A121 — A233 = A, as a function of m~, obtained from the e+e^ — > t+t^ channel. The 
sneutrino width is taken to be 1 GeV. 



coupling 


m~ = 100 GeV/c^ 
(95% c.l.) 


m~ = 200 GeV/c^ 
(95% c.l.) 


A (t-chann. ui in e"'"e~ —>■ 


0.50 


0.68 


A (t-chann. in e+e^ t^t^) 


0.47 


0.65 



Table 7: Upper limits on the couplings A in i channel sneutrino exchange in e+e^ — > /i^/i^ and 
e+e^ ^ T+T^ for sneutrino masses of 100 and 200 GeV/c^. The couplings involved are given in the 
text. 
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Figure 6: The allowed domain in the M2' — 622' plane for the x, V and L-R models Q. The 
contours show the 95% confidence level limits. 



Model 


X 




7] 


L-R 


M'^r* (GeV/c^) 


440 


350 


310 


380 


Qirmit (^radians) 


0.0017 


0.0018 


0.0024 


0.0018 



Table 8: 95% confidence level lower limits on the Z mass and upper limits on the ZZ mixing angle 
within the Xj V'j "H and L-R models |p^ . 
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3.3.2 Model independent fits 

Model Independent fits were performed to the leptonic cross-sections and forward- 
backward asymmetries, for the leptonic couplings of a Z , ajf and v^f , normalised for the 
overall coupling scale and the mass of the Z 

Several values of the mass of the Z were considered (i.e. 300, 500 and 1000 GeV/c^), 
and the ZZ -mixing was neglected. The limits on the normalised couplings are \ajf \ < 0.15 
and < 0.22, a decrease of 0.04 and 0.22, respectively, on limits given in 0. 



3.4 Gravity in Extra Dimensions 

The large difference between the electroweak scale (Mew ~ 10^ — 10^ GeV) and the 
scale at which quantum gravitational effects become strong, the Planck scale (Mpi ~ 
lO^^GeV), leads to the well known "hierarchy problem". A solution, not relying on 
supersymmetry or technicolour, has been proposed |^ that involves an effective Planck 
scale, Md, of 0{TeV). This is achieved by introducing n compactified dimensions, into 
which spin 2 gravitons propagate, in addition to the 4 dimensions of standard space-time. 
The Planck mass seen in the 4 uncompactified dimensions, Mpi, can be expressed in terms 
of Md , the effective Planck scale in the n + 4 dimensional theory. 



M 



PI 



R°Mi 



n+2 



where R is the size of the extra dimensions. With M^ = 1 TeV, the case where n = 1 is 
excluded as Newtonian gravitation would be modified at solar system distances whereas, 
n = 2 corresponds to a radius for extra dimensions of (9(1 mm), which is not excluded 



by existing gravitational experiments 22 



In high energy collisions at LEP and other colliders, new channels not present in the 
Standard Model would be available in which gravitons could be produced or exchanged. 
Virtual graviton exchange would affect the differential cross section for e"'"e~ — >■ //, with 
the largest contributions seen at low angles with respect to the incoming electron or 
positron. Embedding the model into a string model, and identifying the effective Planck 
scale, Md, with the string scale, Mg, the differential cross section for e~^e~ ff with the 
inclusion of the spin 2 graviton can be expressed as ||23|| : 



da 



dcos6' 



y4(cos6') + i?(cosi 



2^ 



C{cos9) 



Mf 



with 6 being the polar angle of the outgoing fermion with respect to the direction of 
the incoming electron. The functions A, B and C are known, and the maximum power 
in the expansion is cos^^. The dimensionless parameter A, of 0(1), is not explicitly 
calculable without full knowledge of the underlying quantum gravitational theory. It can 
be either positive or negative [p3ip4|. For the purposes of the fits, two cases, A = ±1, 
are considered. This parameterisation has no explicit dependence on the number of extra 
dimensions, n. 

Fits to the differential cross-sections, da /d cos 9, measured at a/s ~ 183 and 189 GeV 
for the parameter e = A/M^ were performed, giving values compatible with the Standard 
Model, i.e. e = 0. The systematics errors known to be fully correlated between bins of 
cos 9 where treated as such. Table ^ shows the fitted values of e and 95% confidence level 
lower limits on Mg. These limits were obtained using a method equivalent to that used 
to extract the limits on the scale. A, of contact interactions, as described in section 6.1.1 

of i. 
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Final State 


( TeV-4) 


A 


Ms(TeV) 
[95%C.L.] 




— 6.53]t2.24 


-1 
+1 


0.559 
0.649 




-10.9111?^ 


-1 
+1 


0.450 
0.564 


l + l- 


-8.39l?:^i 


-1 
+1 


0.542 
0.680 



Table 9: 95% confidence level lower limits on Mg in models of gravity in extra dimensions for /i^/i 
and T^T~ final states, and for , a combination of both muon and tau final states. 




Figure 7: Fits to angular distributions for /i^/J.^ and r'^r" final states, for models which include 
gravity in extra dimensions. The dashed fitted curves correspond to e = —8.39 TeV^"', the best fit to 
all data. The data are compared to the Standard Model predictions of ZFITTER and to the differential 
cross-sections predicted at 95% C.L. for A = ±1. 



19 



The angular distributions predicted at y/s ~ 189GeV for the fitted values of e are 
shown in Figure |^. The predictions for the values of Mg at the limits with A = ±1, the 
data and the Standard Model predictions are superimposed. 

4 Summary and conclusions 

The results of the analyses of cross-sections and asymmetries in the channels 
e+e~ e+e~(7), e~^e~ /i"'"/i~(7), e+e~ — > r+r~(7) and inclusive e+e~ 9^(7), at 
~ 183 — 189 GeV have been presented. Overall, the data agree with the Standard 
Model predictions as calculated with ZFITTER and TOPAZO. The data were used to 
update previous searches for physics beyond the Standard Model given and to investigate 
the possible effects of gravity in extra dimensions. No evidence for physics beyond the 
Standard Model was found and limits were set on parameters of several more general 
models. The scale A characterising contact interactions between leptons can be excluded 
at 95% confidence level in the range A < 4.4 — 10.7 TeV depending on the model. 
For sneutrino exchange in R-parity violating supersymmetry, the generic coupling in the 
purely leptonic part of the superpotential, A > 0.1 can be excluded for m~ in the range 
130 - 190 GeV for all leptonic states at the 95% confidence level or above. Alternatively, 
Z bosons lighter than ~ 300 GeV/c^ can be excluded at the 95% confidence level in 
the models considered. Lastly, 95% confidence level lower limits of 542 and 680 GeV on 
the string scale, Mg, in models of gravity involving extra dimensions are obtained for a 
combinations of fi~^fJ^~ and t~^t~ final states. 
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